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limits	biological	 growth.	To	overcome	 this	phosphorus	 scarcity,	 plants	 and	bacteria	
secrete	numerous	enzymes,	namely	acid	and	alkaline	phosphatases,	which	cleave	or-




diversity	of	various	alkaline	phosphatases	 in	 low-	pH	soils	 that	was	not	 counterbal-
anced	by	an	increase	in	acid	phosphatases.	Furthermore,	it	was	also	discovered	that	
























Murata,	 Hayashi,	 &	 Eaton-	Rye,	 2001;	 Rittmann,	 Sorger-	Herrmann,	
&	Wendisch,	2005;	Monds,	Newell,	Schwartzman,	&	O’Toole,	2006;	
Antelmann,	Scharf,	&	Hecker,	2000;	Lidbury	et	al.,	2016).	Through	this	
process,	numerous	 reports	have	 revealed	 that	various	phosphatases	
play	an	 important	 role	 in	 the	bioavailability	of	P	 in	 soils	 (Nannipieri,	
Newell,	Giagnoni,	Landi,	&	Renella,	2011).	Usually,	 the	most	heavily	





Beneit,	 2015;	 Zaheer,	Morton,	 Proudfoot,	Yakunin,	 &	 Finan,	 2009).	




(TAT)	 pathway	 (Putker	 et	al.,	 2013)	 or	 sec	 pathway	 (PhoA)	 (Angelini	




active	 against	 para-	nitrophenyl	 phosphate	 (Rodriguez	 et	al.,	 2014;	
Yang	&	Metcalf,	2004).	APases	are	 thought	 to	be	partly	 responsible	
for	 the	 ‘P-	fertilisation’	 effect	 seen	when	 inoculating	 soils	with	plant	




For	 each	 protein	 analyzed,	 between	 50	 and	 80	 sequences	 from	 a	
range	of	phylogenetically	distinct	soil	bacteria	were	downloaded	from	
the	 Integrated	Microbial	Genomes	database	 (IMG/JGI)	 (https://img.
jgi.doe.gov/).	To	 identify	these	homologs,	a	combination	of	BLASTP	
and	function	searches	(IMG	search	option)	using	the	conserved	PFAM	
domains	 for	 each	 protein	were	 performed.	Downloaded	 sequences	




diversity	 of	 soil	 microbes	 across	 environmental	 gradients).	 The	
eight	 sample	 IDs	 for	each	metagenome	are	as	 follows:	ERS078132,	
ERS078133,	 ERS078134,	 ERS078135,	 ERS078136,	 ERS078137,	
ERS078138,	 ERS078139	 corresponding	 to	 CS1,	 CS179,	 CS864,	
CS922,	 CS78,	 CS251,	 CS511,	 CS1053	 sites	 of	 the	 UK	 countryside	
survey,	 respectively.	 Information	 regarding	 the	 taxonomic	 profile	
of	each	site	 (based	on	the	16S	rRNA	gene)	can	be	obtained	directly	







































was	 determined	 according	 to	 Howard	 et	al.	 (2008).	 Based	 on	 16S	
rRNA	gene	diversity,	there	were	no	significant	changes	(T-	test,	p	>	.06)	
in	 the	 dominant	 phyla	 (Actinobacteria,	 Proteobacteria,	 Firmicutes,	





However,	 there	 was	 a	 significant	 reduction	 (T-	test,	 unpaired,	
p	<	.05)	in	the	various	APases	(PhoX,	PhoD,	PhoA)	detected	in	low-	pH	
soils	 compared	 to	 high-	pH	 soils.	 In	 high-	pH	 soils,	 47%,	 56%,	 and	
20%	of	bacteria	 possessed	genes	encoding	PhoX,	PhoD,	 and	PhoA,	
respectively,	whereas	 in	 low-	pH	 soils,	 only	 3%,	 7%	 and	 1%	of	 bac-
teria	 contained	 these	 genes,	 respectively	 (Figure	1A).	Unexpectedly,	
the	number	of	bacteria	containing	class	A	and	C	ACPases	was	simi-
lar	 (T-	test,	 unpaired,	p	>	.05)	 between	 all	 sites	while	 the	 number	 of	
bacteria	 containing	 class	 B	ACPases	 actually	 decreased	 (T-	test,	 un-
paired,	 p	=	.046)	 in	 low-	pH	 soils	 (Figure	1A).	 Besides	 the	 nucleoti-
dase,	UshA	 (Rittmann	 et	al.,	 2005),	which	 also	 showed	 a	 significant	
increase	 in	 high-	pH	 soils,	 the	 abundance	 of	 several	 other	 enzymes	
involved	 in	organic	P	scavenging	 (phytases,	phosphodiesterases)	did	
not	 change	 (T-	test,	unpaired,	p	>	.05)	between	 low-	pH	and	high-	pH	
soils.	The	diversity	of	the	three	APases	was	comparable	to	that	of	GyrB	




Based	on	our	 curated	 databases	 for	APases,	 the	majority	 of	 se-
quences	found	in	the	soils	analyzed	here	had	a	mean	amino	acid	identity	
of	69%	to	those	found	in	the	Integrated	Microbial	Genomes	database	
at	 the	Joint	Genome	 Institute	 (IMG/JGI).	However,	due	 to	a	 lack	of	
biochemical	and	biophysical	data	on	the	majority	of	APases	found	in	
less-	studied	bacteria	that	make	up	our	curated	database,	for	example,	
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not	predicted	APases	found	in	genomic	databases,	having	significant	
sequence	 divergence	 from	 the	 relatively	 few	 characterized	APases,	
function	in	a	similar	manner	to	those	studied	to	date.
To	determine	the	number	of	sequenced	bacterial	genomes	pos-
sessing	 APases,	 we	 scrutinized	 all	 the	 genomes	 (status,	 ‘finished’)	
deposited	 in	 the	 IMG/JGI	 for	 the	 presence	 of	 each	APase.	 It	was	
discovered	 that	 approximately	 half	 of	 the	 strains	 related	 to	 the	
Proteobacteria	 (1510/2244),	 Actinobacteria	 (257/494),	 Firmicutes	
(471/1052),	 and	 Cyanobacteria	 (66/99)	 possess	 at	 least	 one	 of	
the	 three	APases	 (PhoX,	PhoA,	PhoD).	 Furthermore,	 only	165/258	
genomes	 (status,	 finished)	 tagged	 with	 ‘soil’	 and	 37/45	 genomes	
(status,	 finished)	 tagged	with	 ‘rhizome/rhizoplane’	 under	 the	 filter	
‘ecosystem	 type’	 harbor	 one	 of	 the	 three	APases,	 revealing	 that	 a	




reduction	 in	 their	 ‘known	 genetic	 potential’	 to	 remineralize	 organic	
P.	 In	 a	 previous	 study,	 using	 a	 targeted	 amplicon	 approach,	 soil	 pH	











Low-	pH	 soils	 may	 select	 for	 microbial	 communities	 contain-




posited	 in	 genome	banks	 lack	 characterized	APases.	Given	 the	 fact	
that	 soils	 harbor	 a	 tremendous	 amount	 of	 genetic	 diversity	 (Torsvik	
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